Abstract: Four kinds of novel polymerizable benzophenone (BP) photoinitiators MBP, BMBP, MPBP, BMPBP containing functional maleimide groups, were used as free radical photoinitiators with N-methyldiethanolamine (MDEA) as coinitiator (H donor). Such photoredox systems were studied by means of ESR spectra. The results show that all the four photoinitiators possess the same initiation mechanism as BP/MDEA system; meanwhile, two kinds of radicals were observed as the excited triplet of the photoinitiators can abstract hydrogen from the methylene groups or the methyl groups of MDEA. The photopolymerization of three monomers with different functionality, methyl methacrylate (MMA), 1,6-hexanediol diacrylate (HDDA) and trimethylolpropane triacrylate (TMPTA), initiated by these four polymerizable photoinitiators, was studied through dilatometer and photo-DSC. The results show that different photoinitiators behave differently towards monomers: MPBP system is the most efficient for all the three monomers; BMPBP is the least efficient for MMA, and BMBP is the least efficient for HDDA and TMPTA. The efficiency of the photopolymerization is greatly affected by maleimide groups and different vinyl monomers.
Introduction
Photoinitiated polymerization is a continuously growing field due to their extensive applications in the manufacture of printed circuits, encapsulation of electronic components, decorative coating, surface coating, etc [1] [2] [3] [4] . A crucial component in all photopolymerizaiton is the photoinitiator, which absorbs light efficiently and generates radicals capable of initiating chain growth polymerization [5] . Among cleavage( type Ⅰ) and H-abstraction type (type Ⅱ) initiators, type Ⅱ photoinitiators such as benzophenone (BP), thioxanthone, benzil and quionone are the most studied in which radicals are formed through a bimolecular process consisting of an excited chromophore and a tertiary amine as the coinitiator (H donor) [6] [7] [8] . Their performance is related to high absorptivity, high photoinitiating activity, low odour and toxicity, and good storage stability [9] . Unfortunately, most currently used photoinitiators are not consumed during the polymerization process, leading to the problems associated with poor compatibility, migration and undesirable effects in the post-cured material. To overcome such problems, a possible way is to develop polymerizable and polymeric photoinitiators [10] [11] [12] [13] [14] [15] [16] .
In contrast to the conventional photoinitiators, maleimides have enjoyed increasing interest due to their ability to act both as photoiniatiator and polymerizable monomer.
Significant work has been reported dealing with the use of N-substituted maleimides (MIs) as photoinitiators for free-radical polymerization [5, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . In each of these cases, the MIs participate in producing radical species and will also be consumed by the copolymerization with the photo-curing resin [28] , i.e., they do not remain in the final film as an extractable or photoreactive contaminant [22] . Meanwhile, it is well known that maleimide and its derivatives can polymerize to give thermally stable polymers, and the copolymerization with various vinyl monomers has been verified to improve the thermal properties of the polymers, especially for N-aryl MIs [29] . However, the photoefficiency of these MIs is usually very low. According to the report by Miller and his co-workers [28] , N-aliphatic, alkyl, or twisted N-aryl MIs all initiate polymerization in the presence of transferable hydrogens contrary to the planar Naryl MIs.
In our previous work [30] One is that the introduction of maleimide groups may reduce the migration of species and enhance the photoefficency of poor MIs; the other is that these polymerizable photoinitiators can work as functional monomers, polymerizing with various vinyl monomers to achieve photosensitive polymers.
In this context, to know whether maleimide groups in the molecule of BPs generate radicals and subsequently initiate the polymerization, we studied their ESR spectra using N-methyldiethanolamine (MDEA) as the coinitiator (H donor). In order to reveal the effect of maleimide groups on photopolymerization of different functionality, three representative types of monomer, monofunctional monomer methyl methacrylate (MMA), difunctional monomer 1,6-hexanediol diacrylate (HDDA) and trifunctional monomer trimethylolpropane triacrylate (TMPTA), were chosen to be initiated by these four BPs through dilatometry and differential scanning photocalorimetry (photo-DSC). The influence of different number of maleimide groups on BPs had been obtained. Meanwhile, the photoinitiotors of BP and 4-hydrobenzophenone (HBP) that are widely used commercially were chosen to compare their photoefficiency with the four polymerizable BPs. These polymerizable BPs are of enormous importance due to their possibility in reducing the migration of species and polymerizing with various vinyl monomers to achieve photosensitive polymers.
Results and discussion

UV-Vis spectra
UV-Vis absorption spectra of the four polymerizable MIs and BP, HBP in chloroform solution are shown in Fig. 1 . Their maximum absorption (λ max ) and the logarithmic values of molar extinction coefficient at λ max (logε) are summarized in Tab. 1. These four polymerizable photointiators exhibit the usual characteristic absorption of BP but have a rather large red-shifted λ max and possess a different logε values compared with BP. Transitions of BP in the region of 250-300 nm are well known to belong to the π-π* type [31] . BPs with difunctional maleimide groups process larger λ max than the corresponding monofunctional ones which have been fully studied in our previous work [30] . 
ESR spectroscopy
To reveal the photoinitiation mechanism, ESR study of these polymerizable BPs in the presence of MDEA were carried out in dichloromethane solution using DMPO as radical trapper. It is well known that BP and HBP possess the same photoinitiation mechanism. Therefore, the ESR spectrum of HBP is not measured in this study. The ESR spectra of these four polymerizable BPs were recorded using BP as reference, as shown in Fig. 2 .
It is well accepted that BP system produced free radicals either by electron transfer from MDEA to excited triplet-state BP, followed by proton transfer, or by direct hydrogen-atom abstraction from MDEA by the excited triplet-state BP via chargetransfer interactions. According to the nuclear-electron spin coupling principle, as the proposed mechanism shown in Fig. 3 , the excited triplet BPs have two ways of abstracting hydrogen: 1) Abstracting hydrogen from the methylene groups of MDEA, the ESR signals obtained would have six-line spectrum, which is explained by a triplet with α-nitrogen and a further split into a doublet with a β-proton marked in Fig. 2 [6] ; 2) Abstracting hydrogen from the methyl groups, the ESR spectra would form 9-line hyperfine splitting. From Fig. 2 , we can conclude that radical (1) (depicted in Fig. 3 ) is the major radical; this may be ascribed to the stronger electron-donating ability of the ethyl groups relative to the methyl groups [32] . It is noted that the life of amine radicals, due to their high reactivity for coupling termination, is usually very short. Therefore, we choose DMPO as a radical-capturing agent in the ESR measurements. The amine radicals released in photoinitiator systems can easily react with DMPO, and then form relatively stable nitrogen-oxygen radicals (depicted in Fig. 3 ) [25] , which can be easily detected by the ESR spectrum. As discussed above, the radicals formed are very active which may undergo coupling etc. Thus the ESR spectra may be more complicated than as presumed. According to the spectra, ESR signals show that the entire four polymerizable BPs possess almost the same signals to BP/MDEA system. This result indicates that the planar Naryl MIs contained in the four polymerizable BPs cannot generate free radicals by themselves, and subsequently initiate polymerization in the presence of transferable hydrogen. Therefore, it is proposed that the initiation mechanism of these polymerizable Bps is quite similar to that of the traditional benzophenone-amine system as shown in Fig. 4 [33, 34] . 
Photopolymerization of MMA
According to the ESR results and the reports described by Miller et al. [28] planar Naryl MIs do not generate radicals and initiate photopolymerization. The photopolymerization initiated by these four polymerizable BPs should be ascribed to the structure of BP. The photolysis of BP, in the presence of MDEA, leads to the formation of a radical produced from a carbonyl compound (ketyl-type radical) and another radical derived from MDEA as shown in Fig. 4 . Similar to the reaction of amine radicals and DMPO as discussed in ESR studies, in the photopolymerization process, the amine radical can also easily react with the unsaturated vinyl monomers to form monomer radicals, and the ketyl radicals are usually not reactive due to the delocalization of unpaired electron and the steric hindrance [35] . Thus, we can conclude that the activity and the quantity of active amine radical will determine the photopolymerization rate certainly. 
Photopolymerization of HDDA
Photo-DSC is widely used in the photopolymerization of multifunctional monomers. The photo-DSC profiles of HDDA initiated by the four BPs compared with BP and HBP are shown in Fig. 6 . The data of maximal polymerization rate (R pmax ), maximal heat flow (H max ), time to reach maximal heat flow (T max ) and final conversion of HDDA are summarized in Table 2 . The polymerization behavior appears similar to other multifunctional monomers with different photoefficiency [5, 36, 37] .
From Fig. 6 and Tab. 3, compared with the polymerization of MMA, BMBP is the least efficient photoinitiator among these four BPs. They behave with varying activity towards different vinyl monomers. The other three polymerizable ones all initiate HDDA more efficiently than BP and HBP, with the R pmax and H max almost two times of BP. The result is quite consistent with Miller et al. [28] in the physical mixture of BPs and MIs on the photopolyerization of HDDA. This may be ascribed to the efficient electron/proton-transfer process described by Miller, in which MIs can quench the BPs triplet and MDEA. But the result of BMBP is still questionable, as the maleimide groups are directly linked to BP, there might be the existence of charge transfer transition. A possible explanation may be the following two aspects: 1) the two rigid N-C bonds directly linked to BP in contrast to the existence of flexible ether bond in MPBP and BMPBP; 2) with respect to only one N-aryl MIs in MBP, there were two Naryl MIs in BMBP, leading to higher steric hindrance for BP moieties in BMBP than that in MBP. Therefore, it is more difficult for the excited state of BP moieties and coinitiator amine to attain efficient energy transfer in BMBP system than that in the other three BPs systems. Photoinitiators containing difunctional maleimide groups are less efficient than the corresponding mono ones, which indicate too much maleimide groups in the same molecule may restrict the electron/proton-transfer reaction and mobility of the photoinitiators, leading to the decrease of efficiency and difficulty to reach a high R pmax . Meanwhile, T max increases with the increasing of maleimide groups in the molecule of BP. This may be addressed to the same reason for the increasing of induction period on the photopolymerization of MMA.
Photopolymerization of TMPTA
Polymerization of TMPTA initiated by the four polymerizable BPs behaves noticeably different to HDDA. From Fig. 7 and Tab. 4, among the four polymerizable BPs, MPBP and BMBP still possess the highest and the lowest R Pmax , respectively. However, they are all less efficient than BP and HBP system. The T max of the four polymerizable photoinitiators shows little difference except BMBP, which is quite different from the photopolymerization of HDDA. The final conversion decreases with the increasing of maleimide groups in BPs, which is just the reverse of HDDA. Compared with difunctional monomer of HDDA, the viscosity and the double bond content of trifunctional monomer TMPTA are much higher, resulting in very high crosslinking density in the whole polymerization process. In this condition, the mobility of radicals will be the most important factor for the photopolymerization [36] . It is no doubt that the mobility of BPs will decrease with the increase of maleimide groups. Therefore, the low mobility of BMPBP will restrict the electron/proton-transfer reaction. As a result, the polymerization rate of BMPBP system is difficult to reach a high level. Especially as the polymerization goes on, the increased crosslinking level will limit the molecule mobility eventually; the difference of the polymerization rate among the four polymerizable photoinitiators becomes larger than the earlier stage. Another reason is that such polymerizable BPs may take part in the polymerization and enter into the backbone of P (TMPTA). Thus, the low molecular weight radicals will be converted into macromolecular radicals, which will certainly affect the polymerization rate.
Conclusions
In this article, four kinds of novel polymerizable benzophenone (BP) photoinitiators MBP, BMBP, MPBP, BMPBP containing functional maleimide groups, were used as free radical photoinitiators with N-methyldiethanolamine (MDEA) as coinitiator (H donor). Such photoredox systems were studied by ESR spectra and compared with BP/MDEA, the results show the same initiation mechanism of them and the existence of two kinds of radicals; meanwhile, N-aryl maleimides do not generate radicals and initiate the polymerization. The photopolymerization studies indicate that different photoinitiators behave differently towards monomers; among the four BPs: MPBP system is the most efficient for all the three kinds of monomers; polymerizable BPs containing monofunctional maleimide are more efficient than the corresponding bifunctional ones. The efficiency of the photopolymerization is greatly affected by the structure type of maleimide groups in the molecule of BPs and different vinyl monomers. These polymerizable photoinitiators can polymerize with various vinyl monomers to achieve photosensitive polymers. Copolymerization of them with different unsaturated tertiary amine or vinyl monomers to achieve photosensitive polymers is now in progress. ' -bis[(4-maleimido)phenoxy] benzophenone (BMPBP), were synthesized in our lab as described previously [31] and their structures are shown in Fig. 8 . Other chemicals are of analytical grade except as noted.
Experimental part
Materials
Measurements
UV-vis spectra were recorded in chloroform solution by Perkin-Elmer Lambda 20 UVvis spectrophotometer.
ESR experiments were carried out with a Bruker EMX EPR spectrometer at 9.77GHz with a modulation frequency of 100 kHz with 5,5-dimethyl-1-pyrroline-Noxide (DMPO) as radical capturing agent. A high-pressure mercury lamp was used for irradiation in the ESR spectrometer cavity. Concentrations of photoinitiators and MDEA in dichloromethane were 1×10 -3 M and 4×10 -3 M respectively. 0.5 mL of each sample was transformed into a quartz ESR tube and then purged with nitrogen to get rid of oxygen. The polymerization rate (R p ) was determined below 10% conversion where R p is almost independent of the conversion.
Photopolymerization of HDDA and TMPTA was carried out by DSC 6200 (Seiko Instrument Inc) photo-DSC with a high-pressure Hg lamp. Approximately 1.2 mg sample mixture was placed in the aluminum DSC pans.
Heat flow versus time (DSC thermogram) curves were recorded in an isothermal mode under a nitrogen flow of 50 mL/min. The reaction heat liberated in the polymerization was directly proportional to the number of vinyl groups reacted in the system (only a trace of polymerizable photoinitiator system was used compared with HDDA or TMPTA which can be omitted here). By integrating the area under the
